Approximately 60 % of the data to a resolution of 22 A has been collected for an R32 form of southern bean mosaic virus. The data were used to compute the rotation function for fivefold, fourfold, threefold, and twofold symmetry axes. An orientation of the icosahedral virus was determined consistent with the observed function. This differed from an earlier prediction based on apparent spikes of an hkO photograph.
Introduction
Southern bean mosaic virus (SBMV) is a small spherical plant virus of molecular weight 6.6 × 106 daltons (Miller & Price, 1946) containing 21% RNA by mass (Ghabrial, Shepherd & Grogan, 1967) . The single protein component in the coat (Hill & Shepherd, 1971) has a molecular weight of 29000 daltons consistent with the presence of 180 protein subunits in the virus and T=3 icosahedral symmetry (Caspar & Klug, 1962) . A number of crystalline forms of SBMV have been obtained. Magdoff (1960) reported an orthorhombic form of space group C2221 with a=295, b= 508, c= 474 A. In this laboratory three different crystalline forms have been obtained: type I in space group R32 with a=542 A, ~=116°42 ' (Johnson, Rossmann, Smiley & Wagner, 1974) ; type II in space group R32 with a = 317 A, ~ = 62 ° 30'; and type III in space group C2221 with a=335, b=530, c=530 A (Akimoto, Wagner, Johnson & Rossmann, 1975) . In the type I crystal form there are three virus particles in the rhombohedral cell and each particle must therefore have one of its twofold axes directed along a crystallographic a axis of the hexagonal unit cell (Fig. 1 ). An orientation of the particle about the crystallographic twofold axis was previously suggested on the basis of apparent spikes observed on an hkO precession photograph (Johnson et al., 1974) . These conclusions were, however, based on inadequate experimental data.
Subsequently a data set consisting of approximately 60 % of the 22 A data was collected and used to calculate the rotation function (Rossmann & Blow, 1962) .
Reported here are the details of the data collection and a revised particle orientation which was obtained by computing a rotation function with these threedimensional data.
Experimental
Rhombohedral type I crystals were obtained with techniques previously described (Johnson et al., 1974) . The crystal morphology necessitated the placement of the [hh0] axis along the camera spindle axis. (Reference to this crystal lattice will be in terms of the hexagonal unit cell with a--923, c = 302 A.) Data were collected with standard precession techniques and a crystal-to-film distance of 100 mm. However, a layerline screen with a 3 mm radius hole, rather than an annulus, was used to block upper-layer reciprocallattice reflections. The negative reciprocal-lattice levels did not intersect the sphere of reflection at the small precession angles for the chosen zones. A total of 18 zero level/~=2°0 ' precession photographs (Fig. 2) were taken with Ni filtered Cu Ka radiation using a 0-2 mm collimator. Intensity measurements were made with an Optronics photoscan film scanner. The film scanner procedure (Ford, 1974) calculated the intensity of a reflection by a profilefitting method. Different films within one film pack, symmetry-related reflections within one plane and different film planes were successively scaled together by the method of Hamilton, Rollett & Sparks (1965) .
Results of scaling 16 of the 18 film packs together gave a residual of r= 17 % where
and In is the mean of the n reflections Int on film i= 1, 2,...,n. (Two of the films contained no significant data.) 376 independent reflections (60% of all such reflections) were found to be greater than two standard deviations above background. The three basic variables in the computation of the rotation function (Rossmann & Blow, 1962) are the cut-off limits for the resolution of the data, the radius of integration with its associated problem of series termination, and the number of terms to be used in the representation of the rotated Patterson synthesis. These parameters were determined experimentally to obtain reasonable peak-to-background ratios in the observed function. They were checked with data from model structures by calculating corresponding rotation functions. The radius of integration was then chosen to be 100 A, rather less than the particle diameter of 280 A. The resolution limits were set between 40 and 22 fit, corresponding to the experiences of Lentz & Strandberg (1974) with a rotation function for satellite tobacco necrosis virus (STNV). The rotated Patterson synthesis was represented by the 46 largest terms of the observed 376 coefficients.
The spherical polar coordinate system used for computation of the rotation function is that defined by Rossmann & Blow (1962) . Another variable, 0, was used in defining the orientation of each icosahedron about its crystallographic twofold axis (Fig. 3) . Rotation function sections were initially computed for ~c=180 °, 144 ° , 120 ° and 72 ° in a search for noncrystallographic icosahedral rotations of ½, -~, ½ and -} of (2re). A particularly dominant set of peaks was observed to correspond to two sets of octahedra related by a rotation of 60 ° about the crystallographic e axis. This was then found to be consistent with a subsequent computation of the x=90 ° section.
Interpretation of the observed rotation function
Peaks can arise in the rotation function from three sources (Lentz & Strandberg, 1974) : (1) symmetry elements within the virus particle, to be termed here 'particle peaks'; (2) pseudo-symmetry elements relating one particle to another in the real crystal lattice when the particles are considered to be spherically averaged, to be termed here 'packing peaks'; (3) symmetry elements that are generated by superimposing the selfPattersons of crystallographically related particles at a common origin. The latter have been termed 'packing peaks' (Klug, 1971) but will be referred to here as 'Klug peaks'. Klug peaks are absent if there is only one orientation of the particle in the unit cell as in tomato bushy stunt virus (Harrison, 1971) . The analysis of the rotation function in terms of these three types of peaks will now be considered.
(1) Particle peaks
Owing to the crystallographic symmetry, the SBMV particles are found in three orientations. There is, however, only one degree of rotational freedom, that the crystal axis as by Rossmann & Blow (1962) . Positive 0 b • corresponds to a clockwise rotation about y while looking into the y axis. The particle in the diagram is positioned at 0 = 0 °, corresponding to the particle twofold axis parallel to the crystallographic threefold axis.
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the position of every noncrystallographic symmetry element generated by the three related icosahedra. The plot of this 'locked rotation function' (Rossmann, 1972a ) is shown in Fig. 11 . Since the sampling of each section alone gave very similar results, Fig. 11 shows only the composite result for all values of 0. The maximum was found to be at 0=-3.5 + 2 °. Although the locked rotation function determined a unique orientation of the icosahedra, the octahedral peaks in the original rotation function were without satisfactory interpretation. It was therefore necessary to show that their size and position were consistent with either 'packing' or 'Klug" peaks.
(2) Packing peaks
If four particles per cell were present in the SBMV rhombohedral crystals (Johnson et al., 1974) , rather than the three found, a pseudo body-centered cubic packing would result. Such a cubic arrangement of spheres (even in the absence of some of the particles as in the present case) would be consistent with one of the two sets of octahedrally distributed peaks in the rotation function. These have been marked P2, P3 and P4 on Figs. 6, 8 and 9 corresponding to twofold, threefold and fourfold packing peaks. Nevertheless, the height of these peaks is greater than might be expected for particles of diameter 280 A examined with 22 A resolution data (see below).
(3) Klug peaks
Inspection of Fig. 12 shows a distribution of pseudo-symmetry elements corresponding to two sets of octahedra (one of these is coincident with the octahedral distribution of packing peaks) consistent with those found in the rotation function (Figs. 6, 8 and 9) . Unlike the similar case encountered in the study of STNV (Akervall et al., 1971) , these noncrystallographic symmetry elements relate only parts of the different self-Pattersons to each other.
Thus it can be concluded that the large octahedrally distributed peaks in the rotation function are partially due to packing peaks and (more important) due to Klug peaks. Many of these peaks are also coincident with particle peaks.
Comparison with model structures
In order to compare systematically the heights of the different types of peaks, the rotation functions for three different model structures were computed. These corresponded to (a) the orientation that was previously suggested by Johnson et al. (1974) corresponding to 0=90°; (b) an orientation close to that found here, with 0=0°; and (c) the particle icosahedral threefold axis parallel to (but not coincident with) the crystallographic threefold axis, with 0= -69 °. The model (c) was suggested on the basis of visual inspection of the rotation function and spikes in the diffraction pattern. The octahedral peaks were compared with single noncrystallographic particle symmetry peaks. Particular attention was paid to the fourfold peak at K= 90 °, ~'=45 °, ~0= 55 ° as it cannot be coincident with any icosahedral particle peaks. The model structures permitted the uncoupling of the contributions of 'Klug' and 'packing' peaks, since only in model (b) is the set of 'packing' peaks coincident with a set of 'Klug' peaks. A model virus particle was designed to exhibit only the T=3 icosahedral symmetry of the protein coat. The protein subunits consisted of spheres 20 A. in diameter of uniform density. A total of 180 such symmetrically arranged spheres were in contact when the distance from the center of the virus to the center of the coat protein subunit was 124 A. The model virus was rotated to the desired orientation, placed in the R 32 unit cell and a 30 A data set generated. The rotation function was then computed using data from 50 to 30 A resolution and a radius of integration of 100 A. Table 1 gives an analysis of the heights for various types of peaks, related to the model structures (a), (b), and (e). It also shows a similar analysis for the observed rotation function. In models (a) and (e), the Klug, packing and noncrystallographic particle peaks are generally separated from one another, although double and triple noncrystallographic particle peaks are encountered. In model (b), corresponding to the interpretation of the observed function, packing peaks are always in coincidence with Klug peaks and sometimes also superimposed on a noncrystallographic particle peak.
Inspection of Table 1 shows that for any one model single and double particle peaks are roughly in the ratio of 1:2. In model (a), where the Klug and packing peaks are separated, the Klug peaks are about double a single particle peak and the packing peaks are about one-half of a single particle peak. In model (e) where there are no Klug peaks, the packing peaks are slightly less than the value expected for a single particle peak. However, the size of packing peaks is strongly dependent upon the distribution of large terms selected for the rotation function. Thus with fewer terms, the tendency is to emphasize the larger lower-order reflections which will enhance the packing effect. In model (b), where packing peaks are coincident with Klug peaks, these combined peaks are roughly double single particle peaks, showing again the dominant Klug effect as opposed to the packing effect. The observed results given in Table 1 are similar to those for model (b) but quite unlike those for model (c). Although the size of the Klug peaks are similar for models (a) and (b) they are in completely different positions on the rotation function. Thus these three models are clearly distinguishable.
Distribution of strong intensity spikes in reciprocal space
Since the orientation originally predicted for SBMV was based upon spikes observed on the hkO photograph, it is necessary to explain how these led to a wrong interpretation and to correlate spikes observed on various other photographs with symmetry elements consistent with the rotation function results. The hkO photograph initially analyzed (Johnson et al., 1974) for spikes was taken on a standard finefocus X-ray tube with a 400/zm target width. When this same zone was re-photographed with the more intense X-ray source provided by a rotating anode tube with a 200 /zm focal spot, the spikes were no longer obvious. Spikes on other zones were, however, sharper and far more intense. The orientations of all these spikes were plotted on a stereogram. The spindle angle for the photograph determines the great circle upon which the spike must lie, while the angle from the 
Conclusion
The orientation and position of the virus particle in the crystal unit cell has now been established to within the limits of error provided by the 22 A resolution data (Fig. 1) . With these parameters it is possible to apply the methods of molecular replacement (Rossmann, 1972b; Bricogne, 1974) in determining phases for the 22 A data set. This structure can then serve as a phasing model to the recently produced SBMV type II crystals (Akimoto et al., 1975) for which the diffraction pattern extends to high resolution.
We are grateful to Sharon Wilder for the preparation of the manuscript and Connie Braun for the preparation of some of the figures. This work was supported by the National Science Foundation (grant No. GB 29596x) and the National Institutes of Health (grant No. AI 11219). spindle axis to the spike on the photograph determines the small circle. The coincidence of spikes with positions of multiple symmetry elements is quite clear (Fig. 13) , although spikes associated with single symmetry elements are not very intense. The orientation of the particle corresponding to model (c) also fits the spike distribution quite well. The peak heights observed on the rotation function, however, clearly differentiate this model from the correct solution (see above).
The position of the particle within the crystal It has already been reported (Johnson et al., 1974 ) that a particle must sit on the b axis close to y=½, and related space-group equivalent positions. To deter-
